Introduction
Oxidative stress is one of the key components of the pathology of various neurodegenerative disorders (viz. Parkinson's and Alzheimer's). 1 Parkinson's disease (PD) is the second most common neurodegenerative disorder characterized by motor dysfunction as a result of the death of dopaminergic ious transgenic Drosophila models (mutant as well as wild) are available for studying various human diseases, including neurodegenerative disorders. 6 The available Drosophila models of PD showed various neurological symptoms such as locomotor dysfunction, sensitivity to oxidative stress, and reduced life span. 7 A number of natural polyphenols have been reported to improve the PD symptoms in various animal models. 3, [8] [9] [10] Although it is multifactorial, the role of oxidative stress in the pathogenesis of PD cannot be ruled out. 11 Advances have been made in uncovering the neuropathology of PD, but the treatment options are limited. A number of potential therapeutic compounds have been tested in clinical trials, but most of them have failed to show the desired results. Owing to the lack of effective therapy, there may be a dramatic increase in the frequency of PD patients in the coming decades. Recently, a number of traditionally used plant extracts have been successfully implicated in reducing the symptoms associated with neurodegenerative disorders. 12 Apigenin ameliorated learning deficits and relieved memory retention in amyloid precursor protein (APP)/PS1 mice. It has been shown to not only modulate the processing of APP and prevent the A␤ deposits, but also to scavenge superoxide anions. 13 The effect of apigenin was also studied in rats after contusive spinal cord injury. 14 The injured rats exposed to apigenin showed the antioxidative effect of apigenin in terms of the reduction in malondialdehyde levels and increase in the level of superoxide dismutase and glutathione peroxidase. 14 Furthermore, it also affected the expression of apoptosisrelated genes, i.e., Bax, BCl-2, and caspase 3, indicating its antiapoptotic role. 14 In MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)-induced Parkinsonism in mice, apigenin protected the dopaminergic neurons probably by reducing the oxidative damage, neuroinflammation, and microglial activation along the enhanced neurotrophic potential. 15 Our earlier study conducted on the locomotor behavior of the transgenic Drosophila model of PD apigenin showed the loss of climbing ability. 16 In this context, we decided to study the effect of apigenin on the transgenic Drosophila. Such types of preclinical investigations are helpful in identifying the promising drug candidates. In this context, Drosophila has emerged as a powerful tool (in vivo model) for carrying out such type of studies. Hence, in this context, the effect of apigenin (a flavonoid) was studied on the transgenic Drosophila expressing human alpha-synuclein (␣S) under the GAL4-UAS system.
Methods

Fly strain
Transgenic fly lines that express wild-type human synuclein (h-␣S) under UAS control in neurons "w[*];P{w[+mC] = UASHsap/SNCA.F}"5B and the driver expressing GAL4 "w[*];P{w[+mC] = GAL4-elavL}"3' were obtained from Bloomington Drosophila Stock Center (Indiana University, Bloomington, IN, USA). When males of UAS-Hsap/SNCA.F strains were crossed with the virgin females of GAL4-elav.L (vice versa), the progeny expressed the human ␣S in neurons, and these flies (progeny) were referred to as PD flies. 2 
Drosophila culture and crosses
The flies were cultured on standard Drosophila food containing agar, corn meal, sugar, and yeast at 25
Crosses were set up as described in our earlier published work. 16 The PD flies were exposed to 10 M, 20 M, 40 M, and 80 M of apigenin (Sigma, St. Louis, MO, USA) mixed in diet at final concentration. The PD flies were also exposed to 10 −3 M l-dopamine. The UAS-Hsap/SNC.F acted as control. The control flies were also separately exposed to selected doses of apigenin. Fly heads from each group were isolated (40 heads/group; five replicates/group), and the homogenate was prepared in 0.1 M phosphate buffer for the biochemical parameters.
Drosophila life span determination
Newly enclosed flies from the non-PD (control) and PD groups were placed in culture tubes (10 flies per tube) containing the desired concentration of apigenin. The life span was determined according to the method described by Long et al. 17 
Estimation of glutathione content
Glutathione (GSH) content was studied colorimetrically using Ellman's reagent [5,5 -dithiobis-(2-nitrobenzoic acid) (DTNB)] as per the method described by Jollow et al. 18 The brain homogenate was precipitated with 4% sulfosalicyclic acid (4%) at a ratio of 1:1. The samples were kept at 4 • C for 1 hour and then subjected to centrifugation at 5000 rpm for 10 minutes at 4 • C. The assay mixture consisted of 550 L of 0.1 M phosphate buffer, 100 L supernatant, and 100 L DTNB. The Optical Density (OD) was read at 412 nm, and the results were expressed as M of GSH/g tissue.
Estimation of glutathione-S-transferase activity
The method described by Habig et al 19 was used to determine glutathione-S-transferase (GST) activity. The reaction mixture contained 500 L of 0.1 M phosphate buffer, 150 L of 10 mM 1-chloro-2,4-dinitrobenzene (CDNB), 200 L of 10 mM reduced GSH, and 50 L of brain homogenate. The OD was read at 340 nm, and the enzyme activity was expressed as M of CDNB conjugates/min/mg protein.
Lipid peroxidation assay
The assay was performed as described by Ohkawa et al. 20 The reaction mixture was made by adding 
Assay for caspase-9 (Dronc) and caspase-3 (Drice) activities
The assay was performed according to the manufacturer's protocol with slight modifications (BioVision Inc., Milipitas, CA, USA). The assay was based on spectrophotometric detection of the chromophore p-nitroanilide (pNA) obtained after the specific action of caspase-3 and caspase-9 on tetrapeptide substrates, acetyl-Asp-Glu-Val-Asp p-nitroanilide (DEVD-pNA) and Ac-Leu-Glu-His-Asp-p-nitroanalide (LEHD-pNA), respectively. The assay mixture consisted of 50 L brain homogenate and 50 L chilled cell lysis buffer incubated on ice for 10 minutes. After incubation, 50 L of 2× reaction buffer (containing 10 mM dithiothreitol) with 200 M substrate (DEVD-pNA for Drice and IETD-pNA for Dronc) was added, and the mixture was incubated at 37 • C for 1.5 hours. The reaction was quantified at 405 nm.
Estimation of protein carbonyl content
The protein carbonyl content was estimated according to the protocol described by Hawkins et al. 21 About 250 L of brain homogenate was placed in Eppendorf centrifuge tubes separately. Then, 250 L of 10 mM 2,4-dinitrophenyl hydrazine (dissolved in 2.5 M HCl) was added, after which it was vortexed and kept in the dark for 20 minutes. Next, about 125 L of 50% (w/v) trichloroacetic acid was added to the mixture, followed by thorough mixing and incubation at −20 • C for 15 minutes. The tubes were then centrifuged at 4 • C for 10 minutes at 9000 rpm. The supernatant was discarded, and the pellet obtained was washed twice with ice-cold ethanol/ethyl acetate (1:1). Finally, the pellets were redissolved in 1 mL of 6 M guanidine hydrochloride, and the absorbance was read at 370 nm.
Estimation of monoamine oxidase
The method described by McEven (1965) 22 was used to estimate the monoamine oxidase (MAO) activity. The assay mixture consisted of 400 L of 0.1 M phosphate buffer (pH 7.4.), 1300 L distilled water, 100 L benzylamine hydrochloride, and 200 L brain homogenate. The assay mixture was incubated for 30 minutes at room temperature, and then 1 mL of 10% perchloric acid was added and centrifuged at 1500 g for 10 minutes. The OD was taken at 280 nm.
Estimation of dopamine content
The method described by Schlumpf et al 23 added, followed by boiling at 100 • C for 6 minutes. The samples were read at 375 nm after cooling at room temperature.
Results
The results obtained for the survival assay are shown in Fig. 1 . The exposure of PD flies to 10 M, 20 M, 40 M, and 80 M apigenin showed a dose-dependent increase in the life span of flies expressing human ␣S (Fig. 1) . The results obtained for GSH content are shown in Fig. 2 . The PD flies showed a significant (1.77-fold) decrease in GSH content compared to control flies ( Fig. 2 ; p < 0.05). The PD flies exposed to 10 M, 20 M, 40 M, and 80 M apigenin showed a significant dose-dependent increase of 1.14-, 1.26-, 1.34-, and 1.44-fold, respectively ( Fig. 2 ; p < 0.05). The PD flies exposed to 10 −3 M dopamine showed a significant (1.39-fold) increase in GSH content ( Fig. 2 ; p < 0.05). The results obtained for GST activity are shown in Fig. 3 . The PD flies showed a significant (2.48-fold) increase compared to control flies ( Fig. 3 ; p < 0.05). The PD flies exposed to 10 M, 20 M, 40 M, and 80 M apigenin showed a significant dose-dependent (1.27-, 1.33-, 1.45-, and 1.58-fold, respectively) decrease compared to unexposed PD flies ( Fig. 3 ; p < 0.05). The PD flies exposed to 10 −3 M dopamine showed a significant (1.48-fold) decrease in GST activity compared to Fig. 8 ; p < 0.05). The PD flies exposed to 10 −3 M dopamine showed a significant (1.6-fold) decrease compared to unexposed PD flies ( Fig. 8 ; p < 0.05). The results obtained for dopamine content are shown in Fig. 9 . The PD flies showed a 2.11-fold decrease in dopamine content compared to control flies ( Fig. 9 ; p < 0.05). The exposure of PD flies to 10 M, 20 M, 40 M, and 80 M apigenin showed a dose-dependent significant (1.16-, 1.22-, 1.38-, and 1.47-fold, respectively) increase in dopamine content compared to unexposed PD flies ( Fig. 9 ; p < 0.05). The PD flies exposed to 10 −3 M dopamine showed a 1.80-fold increase in dopamine content compared to unexposed PD flies ( Fig. 9 ; p < 0.05).
Discussion
Besides having a number of biological activities, [24] [25] [26] apigenin has also been reported to be a neuroprotective agent. 14, 15, 27, 28 In our earlier study using the same strain of fly, apigenin was found to delay the loss of climbing ability. 16 The ability of wild type ␣S to aggregate presumably explains the formation of insoluble polymers of protein known as fibrils. This fibrillar ␣S is the building block of Lewy bodies in association with neurofilaments and other cytoskeletal proteins. 29 The formation of Lewy bodies not only results in the death of dopaminergic neurons but also increases the oxidative stress (generation of free radicals). 30 Natural plant products have been reported to improve cognitive and mood disorders. 31, 32 Flavonoids as well as phytoestrogens have been reported to increase the life span of Drosophila melanogaster and Caenorhabditis elegans. [33] [34] [35] Concerning oxidative, stress it is still unclear whether the degenerating neurons themselves or misfolded proteins directly result in toxicity. The degenerating neurons also produce endogenous toxins and other reactive oxygen species that may further damage normal neurons. 36 The levels of these species are controlled by the antioxidant defence system. 37 LPO, GSH, GST activity, PC content, and MAO are the reliable markers of oxidative stress. 38 In our study, PD flies showed a decrease in GSH content, and increase in PC content, LPO, GST, and MAO activity. An increase in LPO and PC contents in the brains of human PD patients has been reported earlier. 39, 40 In the present study, the exposure of PD flies to apigenin showed a dose-dependent decrease in LPO, PC content, GST, as well as MAO activity. Apigenin results in the reduction of LPO levels, PC content, and GST activity, and increase in GSH content in rats. [41] [42] [43] A depletion in GSH content and an increase in GST activity have been reported in the brains of human PD patients and also in other experimental models of PD. 44, 45 The reduction in oxidative stress markers attributed to apigenin is mainly due to its antioxidant property that is evident in a number of studies performed on various study models. [46] [47] [48] [49] Exposure to apigenin also results in reduced levels of MAO activity in PD flies. MAOs are mitochondrial enzymes that catalyze the oxidation of monoamines in multiple tissues, including the brain. The elevated level of enzymes has been implicated in the progression of PD. 50 Hence, the inhibitors of MAO may act as possible neuroprotective agents. 51 MAO activity has been implicated as a contributor to oxidative neuronal damage associated with various neurodegenerative diseases. 52 On the basis of the results obtained in this study, it is concluded that apigenin is also a potent inhibitor of MAO and could act as a possible therapeutic agent besides other flavonoids and phytoestrogen. [50] [51] [52] The reduction in the activity of caspase-3 and -9 in PD flies exposed to apigenin is ascribed to its antiapoptotic property. This may be because of the relieving ROS accumulation/oxidative stress by apigenin. 53, 54 However, some phytoestrogens have been reported to be neuroprotective by abrogating the activation of caspases cascade in rat cortical neurons. 55 Hence, either the blockade of caspase activation or the antioxidative property of apigenin is responsible for conferring this neuroprotective role. The increase in the dopamine content of PD flies exposed to apigenin showed the protection of dopaminergic neurons by apigenin. A similar protection of dopaminergic neurons has been reported to be exhibited by five isoflavones isolated from Trifolium pratense. 56 The antilipoperoxidant, antinecrotic, and scavenging properties of various flavonoids are well known. 57 On the basis of the results obtained in this study, the possible mechanism of protection by apigenin is depicted in Fig. 10 . Future therapeutic intervention that could effectively rescue the dopaminergic neurons or curtail the oxidative stress could reduce the risk of morbidity associated with PD. 58 Flavonoids are the key compounds for the development of a new generation of therapeutic drugs that may prove to be clinically successful in treating neurodegenerative diseases. 59 The strain used in our study showed an age-dependent loss in dopaminergic neurons and climbing ability. 2 Studies on natural plant products have shown not only an increase in dopamine content 60, 61 but also reduction in oxidative stress and delay in the loss of climbing ability. 61, 62 The dietary antioxidants or herbal extracts can significantly modulate the complex mechanisms of neurodegeneration and hence can contribute in the management of neurological disorders. 1 Recent epidemiological studies have also revealed the promising role of some nutrients in reducing the risk of PD. 63 The bioavailability of apigenin is poorly understood, and little is known about its absorption and metabolism. 64 Studies in rats and CaCo-2 cells suggest that it is rapidly absorbed and extensively metabolized. 65 The health benefits of polyphenols are linked to their capacity to directly scavenge free radicals and other nitrogen species. 66, 67 The neurobehavioral actions of isoflavonoids are largely antiestrogenic, and investigations in this area are still to be explored. 68 
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